To optimize drug candidates, modern medicinal chemists are increasingly turning to an unconventional structural motif: small, strained ring systems. However, the difficulty of introducing substituents such as bicyclo[1.1.1]pentanes, azetidines, or cyclobutanes often outweighs the challenge of synthesizing the parent scaffold itself. Thus, there is an urgent need for general methods to rapidly and directly append such groups onto core scaffolds. Here we report a general strategy to harness the embedded potential energy of effectively spring-loaded C-C and C-N bonds with the most oft-encountered nucleophiles in pharmaceutical chemistry, amines. Strain-release amination can diversify a range of substrates with a multitude of desirable bioisosteres at both the early and late stages of a synthesis. The technique has also been applied to peptide labeling and bioconjugation.
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S ystematic structural tuning of drug candidates, or leads, is an essential feature of medicinal chemistry research. Exchanging substituents that exhibit similar yet distinct properties in biological environments, termed "bioisosteres," can address a myriad of structural liabilities, circumventing issues such as unwanted metabolic clearance. Such structures also serve to combat the continued challenge of narrowing intellectual property space (1) . These motifs can be rather unusual in that they are often not found in natural products: Fluoroalkyl groups (2, 3) and strained ring systems that include small spirocycles and bicycles are examples (4) . Interest in the latter area was fueled by an ongoing program at Pfizer (5) , where difficulties in the synthesis of bicyclo[1.1.1]pentan-1-amine (2, Fig. 1A ) led to the abandonment of a lead oncology clinical candidate (6) . Developments in the synthesis of this strained motif date back to 1970 with Wiberg's classic synthesis of 2 from bicyclo[1.1.1]pentane in four steps via the intermediacy of bicyclo[1.1.1]pentan-1-carboxylic acid (see fig. S1 ) (7) . Although this pioneering work allowed synthetic access to 2 and subsequent studies pointed to the counterintuitive stability of A, many improvements were carried out over the ensuing 46 years (8) (9) (10) . All of these reports required ≥3 steps to form amine 2 because of the need for multiple functional group interconversions, rendering Pfizer's current inhouse approach unsustainable (10) . More globally, conventional preparations of substituted bicyclo[1.1.1]pentan-1-amine 1 have required the synthesis of the parent amine 2, followed by amide formation (11) or substitution chemistry (12) , limiting the retrosynthetic analysis of lead compounds such as 3 (13) . The goal of this work was to solve both of these issues by (i) the invention of a process-friendly synthesis of amine 2; and (ii) development of a route to 1 that does not even require the intermediacy of 2, bypassing conventional retrosynthetic logic. Our strategy to address these challenges was to embrace the innate reactivity of the most strained C-C bond present in propellane A (~60 kcal/mol are stored in this bond) (14) by engaging it directly with an amine. This concept was then extended to other systems containing "spring-loaded" bonds (15, 16) as a general tool to append small, cyclic bioisoteric motifs (4 → 5-7, Fig. 1B) . We describe the preparation and use of convenient "strain-release reagents" (such as A to C) to expand chemical space for drug discovery: Specifically, the introduction of motifs such as bicyclo[1.1.1.]pentanes, azetidines, and cyclobutanes is delineated. The exquisite chemoselectivity of this approach has also been established, and initial applications to the areas of peptide labeling and bioconjugation are reported (see below). This work lays a foundation for the synthesis of new chemical entities, probe molecules, and clicklike connections that rely on the native activation of strained C-C bonds.
Application of propellane strain-release amination
As mentioned above, efforts in this area were initiated on account of the practical difficulties encountered at Pfizer in procuring large quantities of bicyclo[1.1.1]pentan-1-amine 2 ( Fig. 2A) . The tendency of propellane A to react with strong nucleophiles such as t-BuLi and aryl Grignard reagents inspired our approach (17, 18) . Extensive exploration (see table S1) identified Davies-type amine nucleophiles (Bn 2 N-Li) (19) as a good starting point, furnishing 9 in~20% yield. The key breakthrough was the finding that the corresponding turboamide (20) (Bn 2 NMgCl•LiCl) led to clean formation of 9 even on a >100 g scale. The use of PhLi leads to reproducible, scalable, and clean formation of propellane A. The dibenzyl group was then easily removed, and the HCl salt of 2 was precipitated (30 g scale). This protocol was successfully scaled up at an outsourcing vendor and can now be used in a process setting to deliver bicyclo[1.1.1]pentan-1-aminecontaining clinical candidates economically on scale.
With a reliable route to stock solutions of propellane A (after codistillation with Et 2 O, solution is stable for weeks to months at -20°C or -78°C, respectively), the scope of this direct "propellerization" was explored (Fig. 2B) . Strainrelease amination of A using a variety of in situ-derived turbo amides delivered a wide range of tertiary amines containing the valuable bicyclo[1.1.1]pentane bioisosteric motif. Figure 2 illustrates 29 different amines varying in complexity that can be easily accessed. In cases when the reaction did not go to completion, the starting amine could be recovered (e.g., 16, 24, 38) . The method tolerates a variety of functional groups, including acetals (16), benzyl ethers (17), ketals (23) , and Lewisbasic groups (21, 22, 27, 28, 30-32, 37, 38) . Late-stage incorporation of this challenging bioisostere onto six different commercial drugs (Fig. 2C, 33-38 ) obviated otherwise laborious multistep sequences to access these analogs. The use of turbo-amides is key to enabling the "any-stage" functionalization of both simple and complex amines with A. We anticipate that the path to these bioisosteres will find immediate and widespread use in medicinal chemistry. Indeed, this chemistry has already been field-tested at Pfizer (for example, compounds 14, 15, 17, 19, 21, and 30 were prepared at Pfizer for use in ongoing programs).
Introduction of azetidine via strain release
The documented use of azetidines as a tactic to both rigidify amine backbones and serve as phenyl bioisosteres inspired the evaluation of a similar approach (1, 20) . Like the propellane systems, access to amino-azetidines is largely limited to a building-block approach that relies on the multistep synthesis of protected azetidinones (21) . Strain-release amination of B was therefore evaluated as a means to simplify the preparation of such compounds. Isolated examples of the addition of nucleophiles to B are known but require superstoichiometric amounts of Lewis acids and only work with dibenzyl amine, anilines, and thiols (22) . As depicted in Fig. 3 , the addition of in situ-generated turbo-amides to a solution of in situ-generated B leads cleanly to azetidinylated products (42-59) that are subsequently trapped with a variety of acylating agents to simplify isolation and handling (free azetidines can be generated if desired). Using this protocol, azetidines were directly appended to 18 different amines varying in complexity, including three pharmaceutical agents.
Introduction of cyclobutane via strain release
Given the variety of medicinal contexts in which cyclobutane derivatives have been enlisted (23), we next explored a strain-release approach for this motif. The goal was to generate a stable reagent that would enable both rapid and mild "cyclobutylation" of amines but also permit further functionalization of intermediate adducts.
Bicyclobutane and its substituted derivatives, since their first preparation in 1959 (24), have been the subject of many synthetic studies, most of which either engaged the strained system as a nucleophile or cleaved the center bond via a transition metal-mediated process (25, 26) . Rather than pursuing the parent bicyclobutane (a gas at room temperature) (27), we appended an arylsulfonyl group as a means to both activate the strained C-C bond and render the reagent bench stable. Encouragingly, a few examples have been reported wherein benzylamine, when employed as a solvent, could be added to phenylsulfonyl-substituted bicyclobutanes at 140°C (28, 29) . In seeking a reagent that would allow for more mild reaction conditions and the use of the amine as a limiting reagent, we synthesized a variety of substituted phenylsulfonylated bicyclobutanes (C2 to C7, Fig. 4 ) and evaluated them in a strain-release amination with amine 39. Not surprisingly, aryl sulfones containing electron-withdrawing substituents were the most reactive, and the addition of LiCl further accelerated the amination. Removal of the arylsulfonyl group could be easily achieved in the same pot under mild reductive conditions (Mg, MeOH). This protocol was applied to 16 diverse amines with the use of reagent C7, including four commercial drugs, to append the cyclobutyl group (Fig.  4B) . The reaction of C7 is chemoselective for amines in the presence of free hydroxyl groups; 71 could be prepared from 4-hydroxypiperidine in 43% yield over three steps (see supplementary materials for details). The arylsulfonyl group could also be used as a handle to generate other useful cyclobutane building blocks containing deuterium (77), alkyl (78), fluorine (79), and olefin (80) substituents. Strainrelease amination is not limited to the three ring systems described here, as illustrated in Fig. 4D , wherein cyclopentane (30) could be easily appended to 1,2,3,4-tetrahydroisoquinoline (81 → 83) and N-benzylpiperazine (84 → 85). Given these collective findings, we anticipate that a wide range of strained C-C bonds will be amenable to amination and further functionalization.
Applications to peptide labeling
The "spring-loaded" electrophiles described herein exhibit a broad substrate scope for amination and inspired exploration of this platform in a more biologically relevant context. A model peptide (86, Fig. 5 ) was therefore prepared containing an assortment of proteinogenic nucleophilic functional groups and exposed to strain-release reagent C7 in a mixed organic/aqueous solvent system. Remarkably, complete selectivity was observed for labeling of the cysteine thiol [91% isolated yield of 88 after 5 hours; see HPLC (high-performance liquid chromatography) trace in Fig. 5B ]. In the presence of cysteine-free peptide 87, no background reaction was observed (Fig. 5C ) after 24 hours. In marked contrast, the commonly employed maleimide electrophile led to multiple adducts with 87 after only 1 hour of exposure. The complete chemoselectivity observed for cysteine shows promise for the use of strain-release functionalization in a variety of contexts, such as site-selective bioconjugation (31-34) and peptide stapling (35) (36) (37) (38) . The efficient tagging of other thiols, including glutathione and cysteine methyl ester, attests to the generality of the approach (see supplementary materials for details). Further, by modifying the electronic character of the aryl sulfone group, we could adjust the temporal parameters of the functionalization (Fig. 5D) . This tunable click reaction may facilitate the strategic design of electrophilic covalent warheads for enzyme inhibition and activity-based protein profiling.
Outlook
The operational simplicity, mild reaction conditions, inexpensive preparation, and chemoselectivity exhibited by strain-release reagents A to C will facilitate their rapid adoption. More globally, an enormous variety of reagents based on this concept can be envisaged. For the task of procuring a specific target, this approach to bond formation will enable practitioners to refocus on the challenge of synthesizing a molecular scaffold rather than on the difficulty posed by small ring systems. We anticipate that this approach will also enable formation of distinct connections in the materials, polymer, and bioconjugation arenas. 
